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Written informed consent was obtained prior to all human studies after the institutional review board approved the protocol. A continuous arterial spin-labeling technique with an amplitude-modulated control was implemented by using a single coil at 3.0 T. Adiabatic inversion efficiency at 3.0 T, comparable to that at 1.5 T, was achieved by reducing the amplitude of radiofrequency pulses and gradient strengths appropriately. The amplitude-modulated control provided a good match for the magnetization transfer effect of labeling pulses, allowing multisection perfusion magnetic resonance imaging of the whole brain.
Comparison of multisection continuous and pulsed arterial spin-labeling methods at 3.0 T showed a 33% improvement in signal-to-noise ratio by using the former approach. © 
RSNA, 2005
Arterial spin-labeling (ASL) perfusion magnetic resonance (MR) imaging has been increasingly adopted for both clinical applications and functional activation studies. Probably the most attractive feature of ASL is that it is noninvasive and repeatable, resulting in a wide variety of applications in neurologic and psychiatric diseases (1) (2) (3) . The highly reproducible measurements of cerebral blood flow (CBF) with ASL make it suitable for longitudinal studies and repeated examinations for probing of drug effects or vasodilatory reactivity (4 -6) .
The improved safety of ASL methods is particularly appealing for perfusion imaging in the pediatric population. The normally increased blood flow and water content of a child's brain provides for better image quality (7) . ASL perfusion contrast techniques have also enriched the repertoire of tools for functional MR imaging research, complementing methods relying on the blood oxygen level-dependent contrast technique. Potential advantages of perfusion functional MR imaging include improved sensitivity at low task frequencies (8 -10) , more specific spatial localization (11, 12) , reduced susceptibility artifact (13) , and the ability to provide absolute perfusion quantification (14) .
During the past decade, the methodologies for ASL perfusion MR imaging have evolved from feasibility studies into the phase of practical use. However, low signal-to-noise ratio (SNR) remains a weakness of the technique because of both the small fractional effect of the labeled blood (Ͻ1% raw signal) and the T1 decay of the labeled arterial blood magnetization during transit from the tagging location to the tissue. Pursuing ASL at high magnetic field strengths (3.0 T and higher) is expected to improve the image quality and reduce transit-related effects on ASL perfusion images by taking advantage of the joint benefits provided by the increased T1 and SNR at high field strengths (15, 16) . A twofold signal gain is readily achievable by performing pulsed ASL (PASL) at 3.0 and 4.0 T, compared with PASL methods at 1.5 T (15, 16) , allowing improved spatiotemporal resolution and longer postlabeling delay times to counteract delayed transit effects usually present in the patient population.
The implementation of continuous ASL (CASL) at high magnetic field strengths is expected to provide even greater perfusion contrast and SNR gain than PASL methods at the same field strength (16) . Two important challenges of using continuous labeling, however, are controlling for the offresonance effects caused by radiofrequency (RF) irradiation and achieving ample labeling efficiency within the safety constraints for RF power deposition. Use of a separate small RF coil for labeling can minimize or eliminate the off-resonance effects and may reduce the total RF power by half because generally, no control labeling is required (17, 18) .
Yet, this dual-coil approach requires special hardware and relies heavily on the labeling geometry, which may vary from subject to subject. The added distance for arterial transit from the carotid tagging region and the relatively poor labeling of the vertebral arteries also limits the practical use of this approach. Alternatively, the off-resonance effects of the labeling pulses can be mimicked by applying control RF irradiation that produces equal off-resonance saturation in the brain tissue (19, 20) . One such technique employs an amplitude-modulated control based on sinusoid waveforms, equivalent to creating two adjacent inversion planes during the control state so that the net effect on arterial labeling can be neglected (20) .
To date, applications of the amplitudemodulated CASL approach have been mainly constrained at 1.5 T. Transplanting this technique to 3.0 T and higher is threatened by reduction in the labeling efficiency when the RF magnitude is decreased to meet the safety limitations on specific absorption rate (SAR) of radiofrequency power at high field strengths. Fortunately, preliminary studies on estimation of CASL efficiency indicated that the efficiency of adiabatic inversion can be maintained over a wide range by keeping the magnitude of the RF pulse and the gradient in proportion (21, 22) . Thus, the purpose of our study was to test the feasibility of performing amplitude-modulated CASL by using a single coil at 3.0 T.
Materials and Methods

Human Subjects
Thirteen healthy volunteer subjects (five women, aged 24 -35 years, with a mean age of 26.8 years Ϯ 5.9 [standard deviation]; and eight men, aged 24 -44 years, with a mean age of 33.7 years Ϯ 7.0) underwent MR imaging with a 3.0-T Trio (Siemens, Erlangen, Germany) wholebody imager, by using the product quadrature transmit-receive head coil. There was no statistically significant difference in age between the men and the women.
One additional 41-year-old woman with cerebrovascular disease (bilateral carotid steno-occlusive disease) and one 47-year-old man with a brain tumor (glioblastoma multiforme) were also imaged to test the feasibility of the amplitudemodulated CASL approach in the diagnosis of neurologic disorders. Written informed consent was obtained prior to all human studies after the institutional review board approved the protocol. The volunteers were screened for neurologic and psychiatric disease during consenting processes. In these 13 healthy subjects, five participated in the experiment for optimization of RF and gradient amplitudes, six participated to determine the optimal modulation frequency, six participated to determine the labeling efficiency, one participated to validate the control of off-resonance effect, and nine underwent both CASL and PASL examinations (see the following). No specific criteria were applied for the inclusion of subjects in each experiment, and there were overlaps between the subjects who participated in different experiments.
CASL Imaging Methods
The CASL sequence was based on the prototypical technique developed by Alsop and Detre at 1.5 T (20) . The labeling plane was placed 8 cm beneath the center of the imaging sections. Controlling for off-resonance artifacts was effected by applying an amplitude-modulated version of the labeling pulse by using a sinusoidal modulation function. The peak magnitude of the control pulse was ͌2 times the magnitude of the corresponding labeling pulse. The total duration of the labeling and control pulses was 2 seconds, which consisted of 10 repeated RF blocks with a width of 200 msec for each pulse and a 500-sec gap in between. A gradient-echo echo-planar imaging sequence was used for image acquisition, and a postlabeling delay time of 1 second was inserted between the end of the labeling and control pulses and image acquisition to reduce transit artifact (23) .
The choice of the 1-second delay time was based on previous experiments that involved the use of similar imaging parameters at both 1.5 and 4.0 T (16). Acquisition parameters were field of view of 22 cm, 64 ϫ 64 matrix, repetition time msec/echo time msec of 4000/17, bandwidth of 3 kHz per pixel, section thickness of 6 mm, and intersection space of 1.5 mm. Twelve sections were acquired in an inferior to superior direction in a sequential order, and each section acquisition took about 45 msec. Each CASL examination with 80 acquisitions took 5 minutes 20 seconds.
Optimization of CASL Sequence
Earlier work at 1.5 T involved the use of a 2.5-mT/m gradient and 3.5-T RF irradiation for adiabatic inversion (20) . To keep the SAR level at 3.0 T within safety limits (see the following), the magnitude of the labeling pulses was reduced because RF power deposition increases approximately as the square of the field strength (24) . Two RF levels (1.50 and 2.25 T) and three levels of gradient strength (0.8, 1.6, and 2.4 mT/m) were tested to find the optimal parameters that provide the maximum labeling efficiency (with control modulation frequency of 100 Hz). This initial study was performed in the first five of the 13 healthy subjects (two women, three men). A combination of 2.25-T RF amplitude and 1.6-mT/m gradient was found to provide the best perfusion contrast and was used in subsequent experiments (see Results). The effect of modulation frequency on the CASL perfusion signal was examined in six of the remaining eight healthy subjects (one woman, five men) by using five frequency values (50, 80, 100, 160, and 200 Hz), and an amplitude-modulation frequency of 100 Hz was chosen (see Results).
Off-Resonance Compensation Evaluation
To confirm the ability of the amplitude-modulated control to mimic the offresonance effects of the labeling, a CASL examination was performed in one healthy volunteer (a 35-year-old woman) with the labeling plane placed distal to (8 cm above the center of) the imaging sections (Fig 1) . Since no arterial blood was labeled, the difference images between the labeled and control acquisitions should indicate whether the off-resonance effect was the same in the amplitude-modulated control acquisition as in the labeled acquisition. An RF amplitude of 2.25 T, a gradient of 1.6 mT/m, and a modulation frequency of 100 Hz were employed for continuous labeling.
Estimation of Labeling Efficiency
The labeling efficiency of the multisection CASL sequence with the amplitudemodulated control was estimated through comparison with the single-section version of CASL technique. In six of the 13 healthy subjects (one woman and five men), perfusion MR images were acquired in a single transverse section through the basal ganglia and thalamus. Images were acquired with both (a) the single-section method, in which the label and control were proximal and distal to the imaging section, respectively, and (b) the multisection method. In the single-section CASL approach, the sign of the labeling gradient was alternated between the odd and even pairs of proximal and distal labeling acquisitions to reduce imperfections in the subtraction of the labeled and control images (23) . All subjects were studied with 1.6-mT/m labeling gradient, 2.25-T RF irradiation, control modulation frequency of 100 Hz, postlabeling delay of 1 second, and labeling plane offset of 8 cm from the imaging section. On the basis of the ratio between the fractional perfusion signals in these two methods, the labeling efficiency of the multisection CASL method could be estimated.
Comparison with PASL
In nine of the 13 healthy subjects (four women and five men), both CASL (with optimized imaging parameters described earlier) and PASL methods were performed for comparison. The PASL technique was a modified version of the flow-sensitive alternating inversion-recovery technique (25) , in which a saturation pulse was applied at TI 1 ϭ 700 msec after global or section-selective inversion (7, 16) . For optimal labeling, a hyperbolic secant inversion pulse was generated by using MATPULSE software (26) with 15.36-msec duration, 22-T RF amplitude, and 0.95 tagging efficiency. A gradient of 0.7 mT/m was applied with the hyperbolic secant pulse during tagging, while the hyperbolic secant pulse was applied in the absence of gradient during control acquisition. The slab of the section-selective inversion was 10 cm thick, and the section profile was verified by means of Bloch equation simulation, as well as phantom testing. The saturation pulse was applied to a 10-cm slab adjacent and inferior to the selective inversion slab in both labeled and control acquisitions. A delay time of 1 second was inserted between the saturation and excitation pulses to minimize transit-related effects (23, 27) . Imaging parameters for the PASL examination were a field of view of 22 cm, 64 ϫ 64 matrix, 3000/17, bandwidth of 3 kHz per pixel, section thickness of 6 mm, and intersection space of 1.5 mm. Twelve sections were acquired in an inferior to superior direction in sequential order with the same coverage as in the CASL examination, and each section acquisition took about 45 msec. Each PASL examination with 80 acquisitions took 4 minutes.
Patient Examination
Two patients with clinical neurologic disorders were included to illustrate the utility and feasibility of the amplitudemodulated CASL technique, one with chronic cerebrovascular disease (left internal carotid artery occlusion and severe steno-occlusive disease of the right internal carotid artery) and the other with a brain neoplasm (glioblastoma multiforme). The imaging parameters were identical to those used for healthy volunteers except for the postlabeling delay time, which was set to 1.2 seconds for the patient with the brain tumor and to 1.5 and 1.8 seconds for the patient with cerebrovascular disease. Two long delay times (with repetition times increased accordingly) were used in the latter case to reduce vascular artifacts due to prolonged transit time. Fluid-attenuation inversion-recovery (9000/84/2500 [inversion time msec]) images and three-dimensional T1-weighted anatomic (1630/3/1100) images were also obtained in these two patients. Structural and CASL perfusion MR images and any relevant prior clinical images were reviewed by a neuroradiologist (R.L.W.).
Data Analysis
For comparison of the SNRs with the PASL and CASL techniques, the raw images acquired by using the two methods were scaled so that the background noise (measured from regions of no signal) was at the same level. A time series of 40 perfusion images of the difference between labeled and control acquisitions was obtained by means of pairwise magnitude subtraction between control and labeled images in each ASL examination, followed by averaging to produce mean ASL perfusion images (⌬M). SPM99 software (Wellcome Department of Imaging Neuroscience, University College London, England) was used to automatically segment the raw echo-planar images into three regions of interest (ROI) of gray matter, white matter, and cerebrospinal fluid.
The average size of the segmented gray and white matter ROIs was 4562 voxels Ϯ 755 (range, 3501-6069 voxels) and 1544 voxels Ϯ 317 (range, 1295-2370 voxels), respectively. The whole-brain ROI was set as the union of the gray and white matter ROIs (mean, 6106 voxels Ϯ 747; range, 5276 -7843 voxels). The mean ⌬M signal and raw image intensity were measured within the gray matter, white matter, and whole-brain ROIs to compare the SNR with the PASL and CASL techniques. The two edge sections were excluded from the analyses to avoid possible section profile effects in the PASL examinations.
The SNR efficiency of the PASL and CASL technique, defined as SNR per unit examination time, was further calculated to account for the difference in the repetition time and total examination time of these two methods. The background noise on the raw images acquired by using the two methods (measured from regions of no signal) were divided by the square root of the corresponding examination time (͌T acq ) and then scaled to the same level. The mean ⌬M signal and raw image intensity measured within the gray matter, white matter, and wholebrain ROIs after such a scaling process were used to compare the SNR efficiency of the PASL and CASL examinations. Alternatively, SNR efficiency was directly calculated by scaling the measured SNR (see previous explanation) with the square root of the corresponding examination time (SNR efficiency ϭ SNR/͌T acq ), which yielded exactly the same results as those obtained with the former approach.
Because the primary purpose of the present study was to test the feasibility of performing CASL at 3.0 T, T1 maps of brain tissue were not obtained. CBF quantification in the CASL method was approximated by using the following equation, assuming the labeled blood spins remain primarily in the vasculature rather than exchanging completely with tissue water:
where ␣ is the tagging efficiency, f is CBF, (0.9 mL/g) is the blood-tissue water partition coefficient, M con is the average control image intensity, R 1a (0.67 sec Ϫ1 ) is the longitudinal relaxation rate of blood (16), (2 sec) is the duration of the labeling pulse, and w (1 sec) is the postlabeling delay time. Equation (1) is deduced from a previous theoretical model (16) , which is equivalent to the general kinetic model (28) . The calculated CBF values were measured within the gray matter, white matter, and whole-brain ROIs.
SAR Calculation and Monitoring
An estimation of the RF deposition of the 3.0-T CASL sequence was performed by using an analytic solution to a homogeneous sphere as a model for the human head (29) . The SAR averaged over the head was given as the following:
where B 1 and rf are the amplitude and the width of the labeling pulses, respectively; is the transmit angular frequency at 3.0 T; R and are the radius and density of the brain, respectively; and is the conductivity of the brain. By assuming that ϭ 0.6 siemens per meter, R ϭ 0.1 m, and ϭ 1000 kg/m 3 (30) and by substituting B 1 ϭ 2.25 T, rf ϭ 2 sec, and TR (repetition time) ϭ 4 seconds in Equation (2), the averaged SAR is calculated as 1 W/kg in an adult head of median size.
This estimation does not include the power deposition of the excitation pulses, which will add 10%-20% to the calculated SAR level. The total SAR is below the U.S. Food and Drug Administration guideline of 3 W/kg averaged over the head. The estimated SAR level is consistent with that in a previous study (30) , in which the use of numeric simulation yielded 0.75 W/kg for the same labeling pulses (100% duty cycle) used in the present study. The data analysis and SAR calculation were done by one physicist (J.W.) and verified by another physicist (D.C.A.).
In addition to our estimates, the SAR level of a pulse sequence on the 3.0-T MR imager (Trio; Siemens) is calculated automatically by an integrated software program on the basis of the RF pulses, with timing and subject weight used to determine imaging parameters. Reflected power and losses along the transmission line are considered in the vendor calculation. This predicted RF power deposition is expressed as a percentage of the legal requirement value (based on the International Electrotechnical Commission guideline 60601-2-33 for normal operation mode, also approved by the U.S. Food and Drug Administration). If the percentage exceeds 100%, then imaging is not permitted without a change in imaging parameters to reduce the percentage below 100%. During the sequence measurement, the RF power actually deposited is also monitored continuously, and the examination is stopped if this value exceeds the SAR limit-equivalent power threshold. After the examination is finished, an additional consistency check is performed to compare the measured SAR level with the predicted value. If a deviation of more than 10% is observed, an error message is displayed, and the imager has to be rebooted.
Statistical Analysis
The unpaired t test (two-tailed) was employed to compare mean age and SAR level in the two groups of healthy subjects, men and women. The effect of the modulation frequency of the control pulse on the CASL signal was assessed by using the repeated-measures analysis of variance method and the nonparametric Friedman test for related samples in the SPSS 12.0 software package (SPSS, Chicago, Ill). P Ͻ .05 was considered to indicate a statistically significant difference.
Results
Off-Resonance Compensation
The images of the subtracted difference between labeled and control acquisitions obtained from CASL examinations with distal and proximal labeling are shown in Figure 1 . Strong perfusion contrast can be seen when the labeling plane was placed at the pontomedullary junction, while there is barely noticeable residual signal on the images with the label above the brain. Fractional signal change, calculated as the subtracted signal divided by the control image intensity (⌬M/M con ), was 0.67% and 0.004% for proximal and distal labeling, respectively.
Optimization of Imaging Parameters
The whole-brain averaged fractional CASL signals (⌬M/M con ) acquired with different gradients (0.8, 1.6, and 2.4 mT/m) and RF field amplitudes (1.50 and 2.25 T) from five healthy subjects are displayed in Figure 2 . A set of representative CASL images acquired from one sub-
Amplitude-modulated Perfusion MR Imaging ⅐ 221 ject is shown in Figure 3 . The peak fractional CASL signal (0.70% Ϯ 0.10) is obtained with 1.6-mT/m gradient and 2.25-T RF irradiation. The optimal ratio between the gradient strength and RF magnitude at 3.0 T is the same as that at 1.5 T (2.5 mT/m and 3.5 T) (20) . The peak fractional CASL signals measured in the gray and white matter ROIs are 0.83% Ϯ 0.13 and 0.41% Ϯ 0.09, respectively, which are in good agreement with reported data acquired by using a dual-coil approach at 3.0 T (17, 18) . The fractional CASL signals as a function of the control modulation frequency, acquired by using 1.6-mT/m gradient and 2.25-T RF in six healthy subjects, are shown in Figure 4 . The signals measured in the whole-brain, gray matter, and white matter ROIs are all relatively insensitive to the changes in modulation frequency within the tested range, and the main effect of modulation frequency is not statistically significant by using either the repeated-measures analysis of variance method or the Friedman test for related samples. The frequency of 100 Hz yields the highest mean perfusion signal in the whole-brain and gray matter ROIs. It can also be seen in Figure 4 that the acrosssubject standard deviation of the measured CASL signals is lowest at the frequency of 100 Hz, suggesting reduced intersubject variability. On the basis of these two observations, the modulation frequency of 100 Hz is used for the CASL method at 3.0 T.
SAR Measurement
Our experiments in the 13 healthy subjects yielded a mean percentage SAR level (measured SAR vs International Electrotechnical Commission guideline 60601-2-33) of 54.5% Ϯ 15.6 (range, 40%-80%) for the CASL method with 2.25-T RF irradiation. The mean SAR level is significantly higher in men (65.8% Ϯ 12.8) than in women (41.4% Ϯ 0.9) (P ϭ .005), probably as a result of the heavier weight in male subjects. During all CASL examinations, the imager was never stopped or rebooted as a result of inconsistency between calculated and measured SAR levels.
Labeling Efficiency Estimation
The CASL images acquired by using the single-section approach and amplitudemodulated control method in a typical subject are displayed in Figure 5 . The ratio of the mean CASL signals obtained with the amplitude-modulated and single-section approach is 0.74 Ϯ 0.12 (n ϭ 6). If we assume a mean flow velocity of 20 cm/sec (laminar flow with maximum velocity of 40 cm/sec) in the human carotid arteries, the labeling efficiency in the single-section CASL mode has been estimated to be 0.92 with numeric simulation (see Discussion) (22) . The labeling efficiency in the amplitude-modulated CASL method at 3.0 T is therefore calculated to be 0.68 (0.92 ϫ 0.74). By using a similar approach, Alsop and Detre (20) have estimated the labeling efficiency to be 0.71 with the amplitude-modulated CASL method at 1.5 T. 
Comparison with PASL
The multisection CASL and PASL images acquired in a representative subject are shown in Figure 6 . The mean ratio (n ϭ 9) of the SNRs on the CASL versus PASL images is 1.33 Ϯ 0.16 in the whole brain and 1.32 Ϯ 0.22 and 1.49 Ϯ 0.37 in the gray and white matter ROIs, respectively. These values are slightly less than the reported ratio of SNRs in the CASL and PASL methods at 1.5 T (1.47 Ϯ 0.23, whole brain) measured with the same delay time of 1 second (16) . When the examination time is taken into account, the mean ratio of the SNR efficiencies with the CASL versus the PASL method is 1.15 Ϯ 0.19 in the whole brain and 1.14 Ϯ 0.19 and 1.29 Ϯ 0.32 in the gray and white matter ROIs, respectively.
By using a previously published theoretical model (16) and incorporating magnetization transfer effects and the T2* difference between blood and brain tissue, the CASL method at 3.0 T is anticipated to produce approximately 2.1 times the PASL signal in the absence of labeling inefficiency (see Appendix). Comparison with our experimental ratio of CASL to PASL suggests a labeling efficiency of approximately 0.6 for the multisection CASL method. This value is reasonably compatible with the labeling efficiency of 0.68 estimated earlier by other means. However, the estimation from comparison with PASL may be less straightforward than the former approach, as the theoretical model depends on assumptions of multiple parameters, such as T1 and T2*, exchange time, and size of the magnetization transfer effect. The PASL signal may also be susceptible to potential errors caused by labeled venous blood and section profile effects of the inversion and saturation pulses. Therefore, we use 0.68 as the best estimate of the labeling efficiency for the present technique.
CBF Quantification with CASL
The calculated mean CBF (n ϭ 11) based on Equation (1) and 0.68 labeling efficiency is 40.2 mL/100 g/min Ϯ 4.3 in the whole brain and 49.5 mL/100 g/min Ϯ 6.2 and 22.4 mL/100 g/min Ϯ 4.0 in the gray and white matter ROIs, respectively. The small variance of the CBF measurements in this cohort of healthy subjects lends support for the technique's stability across subjects. Equation (1) assumes that the labeled blood stays in the vasculature rather than completely exchanging into the tissue compartment, which may lead to underestimation of perfusion, since brain T1 is shorter than blood T1, especially in the presence of off-resonance effects. On the other hand, we use the control image intensity (M con ) to represent the equilibrium magnetization of brain (M 0 ) in Equation (1) , which may result in overestimation of perfusion by ignoring the brain signal loss due to T2* relaxation at the echo time. As suggested by our theoretical model (Appendix), the overall effect is about 7% underestimation in perfusion quantification.
Patient Data
For clinical examples, the difference perfusion images (⌬M) were evaluated rather than the quantitative CBF images to avoid potential quantification error in calculating CBF due to uncertain parameters in pathologic states. The two sets of difference perfusion images acquired with delay times of 1.5 and 1.8 seconds in the patient with cerebrovascular disease are displayed in Figure 7 . Delayed transit effects (intravascular hyperintensities) are present on difference perfusion images acquired with the 1.5-sec delay time and are more evident in the right hemisphere than in the left. With a longer delay (1.8 sec), transit artifacts are greatly reduced, while image quality is preserved. Such long delay times (Ͼ1.5 seconds) were not feasible at 1.5 T (1-3) . The T2-weighted fluid-attenuation inversion-recovery and CASL perfusion images acquired in the patient with glioblastoma multiforme are shown in Figure 8 . The whole-brain coverage of the CASL method allows a full evaluation of the status of blood flow in this extensive brain tumor, and heterogeneous flow conditions are observed in the tumor regions. This illustrates the potential ability of the CASL method in guiding biopsy and depicting regions of increased CBF that are associated with neovascularity (and thus higher tumor grade) (31) .
Discussion
The present study demonstrated the feasibility of performing amplitude-modulated CASL with a single coil at 3.0 T. The measured CBF values in healthy adults are in agreement with results reported by other investigators who used ASL techniques (23, 27, 32, 33) . The power deposition caused by the long labeling RF pulses is within the SAR limit. It is possible that the SAR level with the current imaging parameters might approach or even exceed 100% in subjects with extremely heavy weight or large head size. In this case, the problem can be solved easily by increasing the repetition time appropriately.
Our data also confirm the previous observation that an amplitude-modulated control pulse provides an excellent match of the off-resonance effect in the adiabatic labeling pulses (20) , allowing multisection perfusion images that cover the whole brain. When compared with CASL methods that involve the use of a separate coil for labeling, the single-coil amplitude-modulated technique is easier to implement in clinical MR systems without the need for special hardware. It is also more convenient for patient handling and provides more uniform labeling of both anterior and posterior circulation. While the overall SAR level averaged over the head or body may be lower in the dual-coil methods, the local power deposition around the tagging site is complicated and needs to be assessed meticulously, given the spatially constrained RF irradiation (34) .
Our experimental results indicate that continuous labeling efficiency at 3.0 T is comparable with that at 1.5 T, despite a roughly one-third reduction in the magnitude of the RF pulses, which is consistent with a previous finding (22) that the inversion efficiency can be preserved by simultaneously reducing the amplitudes of the gradient and RF pulses. A more recent theoretical work (21) suggested that the optimal RF amplitude for adiabatic inversion is linearly proportional to the square root of the gradient amplitude. Although the general trend of the changes in the gradient and RF amplitude seems to agree with that model, our experimental data do not suggest a square root increase of RF with gradient strength. Our data show relative insensitivity of the CASL signal to the control modulation frequency, in contrast to previous results (20) that showed an increase in labeling efficiency with reduced modulation frequency.
The basis of this discrepancy remains uncertain. The previous observation (20) was made at 1.5 T with 2.5-mT/m gradient and 3.5-T RF irradiation, and the authors claimed that their results did not agree with theoretical calculation. It is possible that the effect of modulation frequency will be distinct at different settings of gradient and RF amplitude. The search for optimal parameters may need to be performed in three-dimensional parameter space of gradient, RF, and modulation frequency. Because we were limited by time and on the basis of implications from previous studies, we performed a two-dimensional search for optimal combination of gradient and RF and then determined the optimal modulation frequency at that chosen setting of gradient and RF amplitude. Further experimental and theoretical work may be needed to understand the interactions between these parameters and to find the potential best point in three-dimensional space for maximization of labeling efficiency.
The estimated labeling efficiency of 0.68 in the amplitude-modulated CASL method relies on the accuracy of the assumed efficiency of 0.92 in the singlesection CASL method. Although this labeling efficiency was estimated by means of numeric simulation with T1 and T2 values at 1.5 T, the value is expected to be similar at 3.0 T. This is because T2 relaxation dominates the inefficiency of adiabatic inversion, and T2 of arterial blood changes little from 1.5 to 3.0 T, assuming 100% oxygen saturation in the arterial blood (35) . In the dual-coil approach, the labeling efficiency is generally estimated to be close to 100% at the tagging site (17, 18) . Because of the methodologic similarity between the single-section CASL and adiabatic inversion with a separate coil, a labeling efficiency of more than 0.9 is reasonable in the single-section CASL method.
In a recent study (36) , investigators measured the continuous labeling efficiency in a saline flow phantom by using the single-section approach. The results showed an efficiency of 0.85 for a mean flow velocity of 26.4 cm/sec with 2.5- mT/m gradient and 2.25-T RF irradiation. With an approximate 7% increase in efficiency by using a gradient of 1.6 instead of 2.5 mT/m, the predicted efficiency with the imaging parameters used in our experiments will be 0.91, which is a very close match with our assumption. The current CASL technique involved the use of a high labeling duty cycle (Ͼ99%) and is thus relatively immune to the errors caused by discontinuous labeling pulses (21, 36) . The fluctuations of flow velocity within a cardiac cycle tend to have minimum effect on the estimation of inversion efficiency, since the mean flow velocity provides a fairly acceptable simplification for adiabatic inversion, as suggested in other studies (21, 36) . One interesting observation from the current study is that the SNR gain in the CASL method as opposed to PASL seems to be reduced at 3.0 T when compared with 1.5 T. Besides the small difference in the labeling efficiencies at these two field strengths, increased susceptibility effect at high magnetic field strengths may affect the measured signal change. Two recent studies (16, 37) suggested that the short T2* of brain tissue at high field strengths may affect the accuracy of resting perfusion measurement, as well as the effect size of signal change induced by task activation in ASL techniques. Specifically, because more labeled blood spins exchange into brain tissue in CASL than in PASL (in general), the CASL method pays a heavier toll of signal loss due to fast T2* relaxation in the brain tissue. This T2* effect becomes more severe at high field strengths, which may lead to reduced SNR gain seen in the CASL methods. Spin-echo-based image acquisition schemes (such as spin echo echo-planar or fast spin echo) or fast gradient-echo methods with ultrashort echo times (such as SPIRAL or partial k-space echo-planar) should result in a greater labeling effect than the employed gradient-echo echo-planar acquisitions.
Another possibility is that the highduty cycle of the RF amplifier during the labeling period may add thermal noise to the CASL data, thus degrading the SNR gain as opposed to PASL methods, which use almost instantaneous labeling pulses. This argument seems unlikely on the basis of our phantom test results, which showed no difference in the background noise of the CASL and PASL images. We used a postlabeling delay time of 1 second in the CASL examination. A small amount of vascular (hyperintense intraluminal) signals can be observed in the resultant perfusion images of some subjects, attributed to a high concentration of labeled spins in arteries that have not exchanged with the microvasculature or tissue. Nevertheless, the reported results should not be affected by the precise location of the label at the time the image is acquired, since they are measured over large ROIs and represent the total labeling effect in both the vasculature and the brain tissue.
Several limitations exist in the present study, which need further exploration. The first issue concerns the consistency of the labeling efficiency in the presence of variable flow velocities in patients and increased B 1 inhomogeneity at high field strengths. This concern of reduced labeling efficiency is based on the theoretical calculation that reduced RF irradiation allows a narrower range of flow velocities for optimal adiabatic inversion (22) . To achieve a labeling efficiency of more than 0.9, a B 1 of 3.5 T at 1.5 T allows a mean Similarly, the tolerance of B 1 inhomogeneity is lower at 3.0 T than at 1.5 T. According to both our experimental data and other studies (22, 36) , an RF amplitude of around 2.0 T seems to be the lower limit for achieving adequate inversion efficiency for human flow velocity range. The accuracy and efficiency of the current CASL technique may deteriorate if the degree of B 1 inhomogeneity exceeds 12%. Another issue that needs to be addressed is the T1 effect on the accuracy of CBF quantification. We did not include the T1 maps of brain tissue in the calculation of CBF images in the present study. Ignoring the difference between T1s of blood and brain tissue could result in potential errors in CBF measurements-for example, an underestimation of flow in short-T1 tissues, such as white matter, and an overestimation of flow in long-T1 tissues, such as an edematous lesion in the gray matter (3).
Although our theoretical calculation demonstrates about 7% underestimation of perfusion in healthy adult subjects, the accuracy of perfusion measurements by using the simplified model (Eq [1] ) in pathologic conditions cannot be predicted. To bring the 3.0-T CASL method into real clinical use, further study will be needed to refine the perfusion model by taking into account the specific pathophysiologic conditions of each brain disorder.
The current amplitude-modulated CASL technique may not be directly applied at 4.0 T or higher field strength because the RF amplitude has to be reduced to be lower than 1.7 T without increasing the repetition time. At this level of RF irradiation, the labeling efficiency will be less than 0.5. A new development in performing flowdriven adiabatic inversion at high field strengths is to simultaneously modulate the RF and gradient by the same amplitude waveform while adjusting the frequency of the RF irradiation to preserve the inversion plane location (38) .
By reversing the signs of the RF and gradient halfway through the labeling period between label and control, the magnetization transfer effects can be well controlled. The immediate benefit of using the simultaneous modulation of the RF and gradient for labeling is that the tagging efficiency is improved by using labeling pulses with very low irradiation. Although this approach is more demanding in terms of hardware performance compared with the amplitude-modulated method, its feasibility at both 1.5 and 3.0 T has been demonstrated. Another alternative approach is to perform pseudocontinuous inversion with a train of saturation pulses (39) . The SAR level is expected to be low enough for perfusion imaging at 4.0 T or even higher, while the labeling efficiency can still be kept close to 0.5.
In conclusion, an amplitude-modulated CASL method has been implemented successfully at 3.0 T with a single transmit-receive coil. The improved image quality and potential convenience for patient management should bring ASL techniques into the realm of practical clinical use. (40); is the blood-tissue water partition coefficient (0.9 mL/g); M con is raw control image intensity; R 1a is longitudinal relaxation rate of arterial blood (0.67 sec Ϫ1 ); R 1s (1.15 sec Ϫ1 ) and R 1ns (0.81 sec Ϫ1 ) are longitudinal relaxation rates of brain tissue with and without off-resonance RF saturation, respectively; R 2*tissue (28.6 sec Ϫ1 ) and R 2*blood (5.0 sec Ϫ1 ) are transverse relaxation rates of brain tissue and arterial blood, respectively; is duration of labeling pulses (2 sec); and w is postlabeling delay time (1.0 -1.5 sec due to sequential image acquisition). 
